Objective: Osmotic gradient-induced volume change and sarcolemmal water permeability of cardiac myocytes were evaluated to characterize the mechanism of water flux across the plasma membranes. Methods: Cell surface dimensions were measured from isolated guinea-pig and rat ventricular myocytes by digital videomicroscopy, and membrane hydraulic conductivity (L ) was obtained by analyzing channel-mediated water transport. These data suggest that water flux across the sarcolemma of guinea-pig and rat heart cells occurs through parallel pathways, i.e., the majority passing through water channels and the remainder penetrating the lipid bilayers.
Introduction
with a high activation energy (.10 kcal mol ). The latter, channel-mediated water transport, is large in magFunctional measurements of water permeability across nitude, and characterized by a low activation energy (,5 21 cell membranes are important for the investigation of water kcal mol ) and inhibition by mercurial sulfhydryl retransport mechanisms. Generally, transport of water into agents [2, 5] . Recent volumetric study on rabbit ventricular and out of the cells takes place by two distinct mechamyocytes demonstrated that sarcolemmal water pernisms: diffusional movement through the lipid bilayers, or meability, as assessed by hydraulic conductivity (L ), is p 21 transport through membrane aqueous pores [1] [2] [3] [4] . The low and its activation energy is high (¯12 kcal mol ), former is constrained by membrane fluidity and lipid and concluded that the primary route for water crossing the organization, and therefore relatively small in magnitude sarcolemma is likely to be directly through the lipid bilayer itself [6] . However, water flux across cardiac plasma membranes in other species has not to date been docuverified with a freezing-point depression osmometer (OMmented.
6050, Arkray, Kyoto, Japan), and the variation was less 21 The purpose of this study was to evaluate osmotic than 10 mosmol kg for a given type of the solution. gradient-induced water flux across guinea-pig and rat heart cell membranes. Myocyte surface dimensions were measured by digital videomicroscopy, and L was obtained 2.3. Cell dimensions p from the time course of cell swelling and shrinkage in response to osmotic gradients. The results indicate that L Myocyte images were captured on-line using a highp of guinea-pig and rat myocyte membranes is as low as the resolution CCD camera (HV-D28S, Nikon) to a Macintosh 21 rabbit myocyte L [6] . However, analysis of the temperacomputer via a video frame-grabber at¯0.25 mm pixel p ture dependence and pharmacological characteristics of L resolution. Cell area, length and width were obtained with p allows us to conclude that channel-mediated water transan image-analysis software (NIH Image, National Instiport has a functional significance in the osmosis of guineatutes of Health, Bethesda, MD, USA). The borders of cell pig and rat ventricular myocytes.
images were traced using a graphics tablet, and cell area was measured by counting included pixels. (50 mg kg , i.p.). Hearts were quickly excised, and single that a myocyte is brick-shaped of which changes in width ventricular myocytes were enzymatically isolated as deand thickness under anisosmotic conditions are proporscribed previously [7, 8] . Briefly, the excised hearts were tional [8] [9] [10] . The validity of the assumption was tested by mounted on a Langendorff column, and retrogradely measuring the ratio of thickness to width from individual 21 perfused (37 8C) through the aorta with Ca -free cells superfused with isosmotic and anisosmotic solutions. Tyrode's solution containing collagenase (0.08-0.12 mg Cell thickness was obtained by focusing at the top and 21 ml ; Yakult, Tokyo, Japan) for 10-15 min. The cells bottom surfaces of myocytes, and measured as the distance were dispersed and maintained in a modified ''KB'' between the two focal planes by averaging 3-5 measurestorage solution at 4 8C. A few drops of the cell suspension ments for each myocyte. To unambiguously identify the were placed in a 0.25-ml glass-bottomed chamber mounted top and bottom surfaces, alumina particles (diameter 1-2 on an inverted microscope (Diaphot-TMD, Nikon, Tokyo, mm, Sumitomo Chemical, Tokyo, Japan) placed on the 21 Japan), and were superfused (3-4 ml min ) with bathing myocyte and the adjacent floor of the chamber were used solution at 35 8C, unless otherwise noted. Only rod-shaped as a marker. The thickness-to-width ratio was 0.6560.03 quiescent cells with smooth contours were selected for in guinea-pig cells (n533) and 0. was made by adding 70 mM sucrose (240 mosmol kg ) of water to cross biological membranes, was calculated to the 0.5T solution. The osmolalities of the solutions were from the time course of osmotic cell swelling and shrink-age as described by Solomon [11] . The rate of change in cell volume, dV /dt, in response to an osmotic gradient c across the sarcolemma is given by the Jacobs' equation: Differences were considered significant when P,0.05. determined from a slope of the regression line. Table 1 steep in Hg -treated myocytes ( Fig. 4B and E) , and the n56) was not significantly different from that in control 210 21 21 21 calculated L was 0.2460.05310 l N s (n55) for myocytes ( Fig. 4C and F conditions. Guinea-pig, n55-9 cells; rat, n56-17 cells. B and E, Plots of f(V ) for myocytes exposed to 0.5T, 0.5T10.1 mM Hg , and 0.5T10. 31 ( Fig. 5A and D) . On the other hand, the inclusion of Gd of DIDS (Fig. 5A) . However, the rate of volume change in had little effect on the initial rate of cell swelling in 0.5T the early phase of swelling was unaffected, and therefore solution, giving nearly unchanged f(V ) slope (Fig. 5B Hyposmotic swelling of cardiomyocytes also activates 0.5T superfusion (Fig. 5D-F ). Fig. 6A and B nificantly different from those in rat myocytes treated with 21 31 indicate that Hg significantly decreased swelling (relaGd alone (Fig. 5D and F) l N s , n57) in the presence of the channel blockers, between guinea-pigs and rats ( Fig. 5A and D) , suggest that 21 31 Fig The activity of cardiac Na -K pump is increased by N s [12, 13] ) and mammalian erythrocytes (9-393   1  210  21  21 cell swelling [24, 25] , and the enhanced Na pumping is 10 l N s [14, 15] ). The low L is not unexpected p expected to exert volume-decreasing influence under hypobecause heart cells normally serve a non-water-transportsmotic conditions. To study whether the smaller swelling ing role that does not require rapid water movement across 31 of rat myocytes in the presence of Gd (Figs. 5D and 6A ) cell membranes.
1
was related to increased Na -K pump activity, cell In the present study, E of guinea-pig and rat myocytes a 21
swelling assays were performed after inhibiting the pump (¯3.6 kcal mol ) is much lower than the values for with ouabain. Fig. 6C depicts the time courses of 0.5T-diffusional water movement through lipid bilayers, lipoinduced swelling in rat myocytes treated with 10 mM somes and biological membranes not containing func- 31 21 ouabain and / or 30 mM Gd . Whereas relative cell volume tioning water channels (.10 kcal mol [1] [2] [3] 16] ), and under 1T conditions was not significantly changed by indicates that the energy barrier of water crossing the ouabain treatment for 10 min (1.0160.02, n56), cell cardiac sarcolemma is as low as the value for free water 31 21 swelling in both normal and Gd -treated myocytes were diffusion (¯4 kcal mol [2, 4] creasing (ouabain-sensitive Na pumping) ion transporters, concluded that the primary route for water crossing cardiac and a major factor in determining the rapidity of swelling 21 membranes is directly through the lipid bilayers rather than is water flux through Hg -inhibitable aqueous channels.
passing through membrane pores. There are no substantial differences in experimental conditions, data acquisition, and analytical methods between their study and ours, and 4. Discussion thus the divergence is most likely to be due to species difference in the expression of sarcolemmal water chanThe purpose of this study was to evaluate osmoticallynels. From the single-channel permeability of the water- transport across cardiac cell membranes. These experi-(equivalent to¯11310 cm s ) at room temperature, a ments were motivated by the conclusion of a recent membrane density of aquaporin-1 monomer is estimated to 22 volumetric study that the majority of osmotic water flux in be 110 mm for guinea-pig and rat myocyte membranes. rabbit ventricular myocytes penetrates the lipid bilayer This estimate is roughly an order of magnitude greater than itself rather than passing through membrane water chanthe membrane density of cardiac ionic channels, but much nels [6] . In contrast to the finding on rabbit myocytes, less than the density of aquaporin-1 in erythrocytes (¯23 water channel proteins are diffusely detectable in rat heart 5 10 monomers per erythrocyte, corresponding to¯1500 preparations [26] [27] [28] , although the functional implications 22 mm [4, 29] ). Because of the low intrinsic permeability of of that presence have not been established yet. The results water channels that requires the expression of many here offer evidence that channel-mediated water transport aquaporins for functional significance, it has been preis involved in the osmosis across plasma membranes of dicted that aquaporin mRNA and protein should be guinea-pig and rat cardiac myocytes.
abundant at tissues of channel-mediated water transport [27, 30] . If the density of aquaporin in cardiac membranes 22 22 4. 
10
l N s at 35 8C) is comparable to that of rabbit and Baumgarten [6] argued that the molecular identifica- ventricular myocytes (1.2310 l N s [6] ). These tion of water channel proteins by highly sensitive bioDownloaded from https://academic.oup.com/cardiovascres/article-abstract/54/3/590/270765 by guest on 18 January 2019 chemical techniques does not establish the physiological hypertension and brain edema, and challenges to discover role of aqueous pores in the myocyte function.
pharmacologically useful water channel modulators are now in progress [30, 34] . Further studies are required to address the question of whether cardiac water transport is 1 4.2. Roles of volume-sensitive ionic channels and Naeligible for potential drug target.
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